Abstract-The short circuit response of a voltage source converter (VSC) under grid unbalanced faults mainly depends on the design of its control system. Due to the limited semiconductor overload capability, the short circuit current contributed by a VSC should be restricted within the limit for each phase. This might bring up challenges to the protection system of a converter-dominated power system. This paper derives a generic converter peak current limitation method for three different VSC control strategies. The impact of the control strategies and the combined impact of a VSC with a synchronous condenser on distance protection are evaluated using a commercial relay through hardware-in-the-loop (HIL) tests. Based on the test results, we propose to avoid using constant reactive power control strategy. It poses an adverse impact on the reliability and speed of distance protection regardless of the presence of a synchronous condenser at the point of common coupling, while constant active power and balanced current control strategies favor the performances of distance protection.
Impact of VSC Control Strategies and Incorporation of Synchronous Condensers on Distance Protection Under Unbalanced Faults
However, the control system of a VSC is sensitive to grid disturbances such as unbalanced faults. The negative-sequence voltage appearing at the point of common coupling (PCC) will propagate in the VSC system affecting its control variables and hence its output [2] . If the control system is not designed properly, undesirable performances such as output voltage and current distortions, dc-link voltage oscillations and output power oscillations can be observed. This may even result in an undesirable trip of the converter. As transmission system operators have imposed strict requirements on converter-based sources such as fault-ride-through (FRT) and voltage support capability, a variety of control strategies based on symmetrical components have been proposed to improve VSC performances under unbalanced conditions. In [3] - [7] , the control strategies are developed based on the objectives of achieving balanced current injection, minimization of dc voltage ripples or nullifying oscillations in either active or reactive powers. Generally, the above-mentioned control strategies can be regarded as different special cases of [8] , where flexible scalars are introduced to form the current references to flexibly control the oscillations in the active and reactive powers. In [9] , the relative relationship between the positiveand negative-sequence powers can be flexibly adjusted. Based on [9] , the studies in [10] - [12] regulate the grid phase voltages complying to predefined boundaries and the study in [13] focuses on the effectiveness of unbalanced voltage compensation. With converter current restricted in each phase, Camacho et al. [14] and Sosa et al. [15] aim to maximally use the power capability of the converter under unbalanced faults. Therefore, the short circuit response of a VSC can be significantly different from each other under unbalanced faults, and which control strategy is more suitable is still under open discussion.
Distance protection is widely utilized in high-voltage transmission networks and a variety of studies has been conducted regarding the impact of VSCs on distance protection. The speed of distance relays subject to balanced faults is evaluated by simulations in [16] , where different fault types and penetration levels of renewable generation are examined. In [17] , distance relays may refuse to trip when there is not enough fault current under balanced faults and communication-aided protection is suggested to overcome this problem. According to [18] , the control action of VSCs may cause an underreaching problem for the backup distance protection located on adjacent lines. However, the studies mentioned above neither discuss unbalanced faults nor test on a real distance relay. Even though unbalanced faults are of interests in [19] - [24] , none of them has considered the impact of different VSC control strategies incorporating a converter current limit in each phase.
With conventional power plants gradually replaced by converter-based generations, a future power system may experience significant drops on the system short circuit strength. This could raise problems, such as voltage instability, undesirable dynamic behaviors of converters, and malfunctions of protection systems. Since the short circuit response of a synchronous condenser (SC) resembles that of a synchronous generator (SG), SCs may serve as an alternative to improve the system short circuit strength and thus the application of SCs has gained increasing attention in recent years [25] - [29] . The refurbishment of conventional power plants to SCs have been proposed in [27] and [28] to address dynamic voltage control issues and improve system short circuit ratios. However, conventional power plants may not always serve as the best locations for SCs and newly installed SCs can be anticipated. The studies in [28] and [29] have presented methods on the optimal allocation of SCs minimizing the total cost. The results have suggested that there is a need of installing new SCs for more VSCs. Therefore, it is necessary to examine the cooperation of a VSC and an SC from protection perspective considering different VSC control strategies, which has not been investigated in the previous studies.
This paper investigates the impact of different VSC control strategies and the impact of incorporating SCs on distance protection under unbalanced faults through hardware-in-the-loop (HIL) tests. Three representative control strategies from the literature, namely constant active power, balanced current, and constant reactive power control, are examined systematically. In order to limit the converter current in each phase, a generic converter peak current limitation method is derived for the examined control strategies. The tests are designed based on the variations of the sources of short circuit current, VSC control strategies, SC capacities, fault locations and types. According to the tests results from the commercial relay, we propose to avoid using constant reactive power control strategy, while constant active power and balanced current control strategies favor the performances of distance protection.
The rest of this paper is organized as follows. Section II outlines VSC control strategies under unbalanced faults. A generic converter peak current limitation method is derived for the examined control strategies. SCs are shortly introduced in Section III. Section IV presents a systematic HIL evaluation on the impact of different VSC control strategies and incorporation of SCs on distance protection. In Section V, HIL tests are conducted on the western Danish power system for further verifications. Finally, conclusions are provided in Section VI.
II. VSC CONTROL

A. Control Strategies
Typically, the control system of a grid-connected VSC system consists of a slower outer controller and a faster inner current controller. The inner current controller is responsible to track the current references generated by the outer controller. For a three-phase three-wire VSC, zero-sequence components are not present. Therefore, the instantaneous active and reactive powers at the PCC can be expressed by (1) and (2) using the instantaneous power theory [30] • with the same amplitude); P and Q are constant power terms resulting from the interaction between the voltage and current in the same sequence. They consist of positive-sequence power terms (P + , Q + ) and negativesequence power terms (P − , Q − ). P and Q are oscillating power terms due to the interaction between the voltage and current in different sequences. With (1) and (2), the current references can be constructed in different ways, giving the short circuit current from a VSC diverse characteristics.
In [8] , a flexible control over the relative amplitudes of oscillating active and reactive powers is presented. Two adjustable scalars k p and k q are introduced in current references (4) substituted into (1) and (2), the oscillating power terms can be expressed as
In this paper, the three most representative scenarios are considered. Oscillations with the same amplitude are registered in active and reactive powers. 3) Constant reactive power control: Oscillation-free reactive power is achieved with k p = 1 and k q = −1; the short circuit current contains negative-sequence component.
B. Converter Current Limit
When the PCC experiences a voltage dip, the current references can become dangerously high if the active and reactive power references remain unchanged. This may damage power electronic devices and result in an undesirable disconnection of the converter from the grid. Therefore, the active and reactive power references should be reduced properly to safely guard the current within its limit in each individual phase.
In [14] , a peak current limitation method is presented by fully utilizing the power capacity of the converter. It is capable of injecting active and reactive powers simultaneously with the current in each phase restricted. However, the derived equations cannot be directly used if current references are chosen as (3) and (4) . According to the current ellipse theory presented in [9] , the relationship among the values of phase-A peak current I, average active power, and average reactive power can be expressed by (8)- (11) 
where I pL and I pS are the values of the long and short axes of the active current ellipse; I qL and I qS are that of the reactive current ellipse; φ + and φ − are the phase angles of positive-and negative-sequence voltages, respectively. With (3) and (4) taken as current references, (9) and (10) can be rewritten as
By substituting (11)- (13) into (8), a quadratic equation can be derived if P is considered as an unknown variable. The solution of this quadratic equation can be obtained by
As long as the values of Q andÎ are given, the maximum active power P a that is permitted without exceeding current limit in phase-A can be determined. With the value of γ changed to (|φ
, respectively, the maximum active power P b and P c can also be derived for phase-B and phase-C [9] by using (14)- (20) . Therefore, the maximum permitted active power P limit can be decided by
However, the equations above assume that the current limit is not reached by only injecting reactive power. In order to impose a limit on reactive power, a similar procedure of deriving P limit is performed, where Q is regarded as an unknown variable instead of P and the value of P is set to zero. Then, the limit for reactive power can be expressed by
In order to illustrate the effectiveness of the above-mentioned equations, the presented method withÎ = 1.2 p.u. is implemented in the control system of a VSC. The VSC is connected to the delta winding of the interface transformer. The wye winding, whose neutral is solidly grounded, is connected to the grid. With an A-g fault applied at wye-winding side of the transformer, the corresponding three-phase voltage, three-phase current, and output powers measured at delta-winding side are given in Fig. 1 as an example, where reactive power injection is prioritized. As expected, the fault current supplied by the converter is restricted within 1.2 p.u. in each phase after initial transients.
III. SC RESPONSES UNDER UNBALANCED FAULTS
An SC is a synchronous machine without a prime mover. During the start-up phase, the rotor of the SC can be driven to the synchronous speed by a speed-controlled motor [31] . Once the synchronous speed is reached, the field is supplied and then the SC can be connected to the grid. Since there is no mechanical torque provided to its shaft, the SC cannot provide sustaining active power. Depending on the excitation level performed by the automatic voltage regulator, an SC can either generate or absorb reactive power in the steady state. One benefit of applying the SC is that it can help to increase the system short circuit strength. It can provide short circuit current with a similar magnitude as an SG does to dynamically support the grid voltage. In order to illustrate the effect clearly, a simple system shown in Fig. 2 is simulated with SG or SC as an example. Both SG and SC share the same parameters. In the steady state, they are controlled to exchange zero reactive power with the grid and SG deliveries 1 p.u. active power. Fig. 3 compares their response to an A-g fault on the high voltage side. As shown in Fig. 3 , both an SG and an SC provide a considerable amount of reactive power to the grid during the fault. Since SC is a rotating machine, it also provides inertia for the system resulting in its active power exchange with the grid during the transients. This is another benefit of using an SC. By comparing Fig. 3 with Fig. 1 , it can be observed that the short circuit current from synchronous sources in phase-A and phase-C is more than three times higher than that of the VSC. In Fig. 3 , the currents in phase-A and phase-C are almost out of phase by 180
• . However, the current phases in Fig. 1 are mainly affected by the VSC control strategy. Among the three examined control strategies, constant active power control yields short circuit current most similar to that of Fig. 3 in terms of phases. The short circuit current in balanced current control is completely symmetrical. For constant reactive power control, the currents in phase-A and phase-C are closer to be in phase rather than out of phase. Therefore, there might exist certain impacts on distance protection under unbalanced faults when replacing an SG with a VSC and applying an SC at the PCC.
IV. CASE STUDIES
A. System Overview
The investigation is first tested on a 400-kV system shown in Fig. 4 . An SG is connected to bus 1 (slack bus). Two VSCs (VSC1 and VSC2) are connected to bus 5 and 6, respectively. Balanced current control is deployed for VSC1 while the control strategy of VSC2 can be freely shifted among constant active power, balanced current, and constant reactive power control. Under fault conditions, reactive power injection takes the first priority and its reference is calculated using Q ref = |v + | · I Q . The value of I Q is obtained from [32] and it can be expressed as I Q = −2.5 |v + | + 2.25 (0 ≤ I Q ≤ 1). To enhance the FRT operation of the VSCs, both VSCs are equipped with a dynamic braking resistor on the dc side to drain the excess electrostatic energy according to [33] . SCs, SC1 and SC2, are equipped at the PCC of these two converters. The capacity of SC2 can be varied from 50 Mvar to 250 Mvar with a 50-Mvar step. A distance relay is used to protect line 6-2 at the terminal near bus 6. Further details of the system are listed in Table I . In the steady state, VSC1 and VSC2 deliver 325 MW and 500 MW active power, respectively, with unity power factor while an SG delivers 175 MW active power.
In this paper, the investigation is conducted through HIL tests using a commercial distance relay in real time. As illustrated in Fig. 5 , the grid models are simulated in real time digital simulator (RTDS). The three-phase voltage and current signals needed by the distance relay are first extracted from simulations using a gigabit transceiver analogue output card (GTAO). Since the maximum output voltage of its terminal is limited by +/−10 V, the signals measured from the secondary sides of the CT and VT in simulations have to be scaled down properly by adjusting the output scaling factor of the virtual GTAO component in RTDS. Then, an amplifier scales up the signals measured from the GTAO so that amplified signals are equal to the real values obtained from the CT and VT. The protection signal generated by the relay is sent back to RTDS using a gigabit transceiver digital input card (GTDI). When there is no current through its terminal, the digital input read by the RTDS processor card will be a logic "0". In order to change the value to logic "1," an external 5-V signal is needed to drive the current into the GTDI terminal. Since the distance relay uses a potential-free switch, a 5-V dc voltage source is connected in series with the switch and GTDI terminals. Therefore, a logic "1" will be registered if the switch closes, forming a closed loop for the HIL test setup. In the following case studies, the zone-1 performances of the relay using the classic method are evaluated. This study does not involve relay coordination and communication. The relay is set to protect 90% of line 6-2 with the quadrilateral characteristic. Solid A-g, A-B, and A-B-g faults are simulated at 25%, 50%, and 75% of line 6-2, respectively. The zero time instant corresponds to the instant when the fault is initiated. The response time of each test is defined as the time elapsed from the fault being initiated until the protection signal being registered in RTDS.
B. Case 1: SG Solely
In this case, a more traditional power system is simulated by replacing VSC2 with a 500-MVA SG and disconnecting SC2. Therefore, the short circuit current seen by the distance relay is only contributed by the SG. For each fault type and location, the HIL tests are repeated 10 times. All the faults are initiated when the phase-A voltage of bus 6 crosses zero from the negative to the positive in order to ensure each test has the same prefault conditions.
C. Case 2: VSC Solely
This case tests the system in Fig. 4 with SC2 disconnected so that the short circuit current seen by the relay is solely provided by VSC2. The control strategy of VSC2 under unbalanced faults are shifted among constant active power (Case2-P), balanced current (Case2-I), and constant reactive power (Case2-Q) control. The converter current limit is set to 1 p.u. in each phase for both VSC1 and VSC2. For each type and location of the faults specified above, the tests are repeated 10 times as Case 1.
The average response time for Case 1 and Case 2 is summarized in Fig. 6 for different fault types and locations. Compared with Case 1, the response time in Case 2 generally increases, especially for A-B faults. This indicates that the sensitivity of distance protection might be deteriorated as a result of low short circuit current level in converter-dominated power systems. Among the three examined control strategies, constant active power and balanced current control give similar performances in terms of response time. However, with constant reactive power control used for VSC2, the sensitivity of the relay is impacted significantly for A-g faults and the relay even fails to trip under A-B faults. As an example, Fig. 7 presents the impedance plane given by the relay when an A-B fault occurs at 50% of line 6-2 for Case 1 and 2. By comparing Fig. 7(b) and (c) with Fig. 7(a) , more transients are observed before the locus stabilizes at the indicated fault location inside the zone. However, in Fig. 7(d) , the impedance locus exhibits unfavorable characteristics. Even though the locus enters zone-1, it does not indicate a fault location clearly. Corresponding to each scenario in Fig. 7 , the measured impedance versus time is further plotted in Fig. 8 . The curve for Case2-Q moves in and out from the effective zone during the fault while the curves for the other three scenarios stay inside the effective zone stably during the fault.
Corresponding to Case2-Q in Fig. 7(d) , Fig. 9 presents the three-phase voltage and current inputs to the relay. The threephase voltage (from the wye-winding side of the converter transformer) under fault conditions can be approximately represented by v y . If it is referred to the delta-winding side, the voltage 
where M 1 , M 2 , and M 3 = (M 1 + M 2 )/( √ 3N ) represent the magnitudes of the corresponding voltages. N refers to the turns ratio of the transformer from the wye-winding side to the deltawinding side. By decomposing v Δ into its symmetrical compo- nents, there are
where M 4 = (M 1 + M 2 )/(3N ) represents the magnitudes of the corresponding voltages. Then, the orthogonal versions of the positive-and negative-sequence voltages are given by
With current references (3) and (4) (24) and (25) into (3) and (4), the current references expressed in abc-frame for constant active power control strategy can be represented by 27) while for constant reactive power control strategy, there are
where M 5 -M 8 represent the magnitudes of the currents. As the currents are restricted in magnitudes and the phase information is of interest here, M 5 -M 8 are not given explicitly for brevity. If the currents expressed by (26)- (29) are referred back to the wye-winding side, the current in phase-A and phase-B will be out of phase (similar to that of SGs during A-B faults) with (26) and (27) . However, for constant reactive power control with (28) and (29) , the current in phase-A and phase-B will be in phase with the same magnitude, which is significantly different from that of a synchronous source. Typically, the apparent impedance given by the AB element of a distance relay is calculated by [34] 
whereV A ,V B andİ A ,İ B are the voltage and current inputs expressed in phasors. Therefore, currents being identical in phase and amplitude (see Fig. 9 ) may give a zero value in the denominator of (30) . This makes the distance relay unable to calculate the impedance reliably, which explains why discontinuous locus and curves are present for Case2-Q with constant reactive power control strategy. Such discontinuous features in AB elements can also be observed under A-B-g faults with constant reactive power control. Since the operation of distance relay under A-B-g faults also relies on AG and BG elements, the relay can operate successfully. However, the use of constant reactive power control still adversely impacts the reliability of the distance relay.
D. Case 3: Incorporation of SCs
In order to evaluate the combined effect of VSC and SC on the distance relay when an SC is equipped at the PCC of a VSC, the system in Fig. 4 is simulated with SC2 connected. Therefore, the fault current seen by the relay is jointly provided by VSC2 and SC2. In addition, the capacity of SC2 is varied among 50, 100, 150, 200, and 250 Mvar as different scenarios. To ensure Case 2 and Case 3 has the same prefault conditions, the excitation of SC2 is adjusted in each scenario so that Case 3 has the same power flow results to that of Case 2 prior to the fault. The same HIL tests are repeated under different VSC2 control strategies and SC2 capacities.
First, the dc-link voltages of VSC2 under different scenarios are shown in Fig. 10 . With the dynamic braking resistor, the dclink voltages are restricted within 1.1 p.u. of the nominal value. According to Fig. 10(a) , constant active power control gives nearly zero oscillation in the dc-link voltage, while constant reactive power control yields the largest oscillations. On the other hand, as shown in Fig. 10(b) , different SC2 capacities have almost no notable effect on the dc-link voltages if the control strategy of VSC2 is fixed.
With the help of SC2, the measured impedance locus is generally improved with fewer transients in Case 3. As an illustration, with constant reactive power control deployed, Fig. 11 presents the impedance plane under A-B faults at 50% of line 6-2 when a 100-Mvar or a 200-Mvar SC2 is applied. In contrast to Fig. 7(d) , the locus in Fig. 11 stabilizes at the indicated fault location inside the zone and moves out of the zone after the fault is cleared by the relay. The average response time in Case 3 is summarized in Fig. 12 with different SC2 capacities, where the results from Case 1 (black dashed line) and Case 2 (points corresponding to 0 Mvar) are also included for the sake of comparison.
With the capacity of SC2 increased from 0 to 250 Mvar, the speed of the distance relay is improved generally and getting closer to that of Case 1. However, with a 50-Mvar SC2, the relay still fails to operate when constant reactive power control is deployed. On the one hand, the capacity of a 50-Mvar SC2 is relatively small compared with a 500-MVA VSC2 and hence the short circuit current from SC2 is not significant in terms of amplitudes compared with that from VSC2. On the other hand, as discussed above, the phases of the short circuit current from VSC2 under unbalanced faults can differ from that of SC2 significantly. As shown in Figs. 1 and 2 and derived in (23)- (29), constant active power control yields the most similar short circuit current to that of synchronous sources, while constant reactive power control gives the largest deviation in terms of phases. Therefore, due to the differences in the current phases, the application of SC2 at the PCC may even further reduce the short circuit current level when constant reactive power control is used. In order to illustrate this problem, Fig. 13 compares the combined short circuit currents of VSC2 and SC2 in phase-A for an A-B fault at 50% of line 6-2 with different capacities of SC2. For constant active power control in Fig. 13(a) , the amplitude of the current is gradually boosted by increasing SC2 capacity. However, for constant reactive power control in Fig. 13(b) , compared with the scenario without SC2 [IA(0)], the amplitude of the current is even reduced when a 50-Mvar SC2 is used [IA(50) ]. This effect makes the combined short circuit current such small that it is even not enough to activate the distance relay for impedance calculation. Even though the relay can operate successfully by further increasing the capacity of SC2, the total available short circuit current in Fig. 13(b) is less than that in Fig. 13(a) with a SC2 of the same capacity. This suggests that constant reactive power control impairs the advantages of SCs due to the phase differences between the short circuit current from the VSC and the SC.
As shown in Fig. 6 (a) and (c), the relay performances under grounded faults are not impacted so much if constant active power or balanced current control is used. Since the wyewinding side of VSC2 interface transformer is solidly grounded, it provides a path for the zero-sequence current to flow under grounded faults. As a result, the current limitation of VSC has less impact on the relay performances for grounded faults if zero-sequence current with high amplitudes is present. In order to investigate the relay performances when there is a lack of zero-sequence current, a 300Ω grounding resistance is added to the grounding branch of the VSC2 interface transformer. The same tests in Case 2 and Case 3 are repeated for A-g and A-B-g faults. The average response time of the relay is summarized in Fig. 14 , which is denoted as Case 4. By comparing Fig. 14(a) -(c) with Fig. 12(a)-(c) or comparing Fig. 14(d) - (f) with Fig. 12(g)-(i) , the response time increases in Case 4 when there is no SC2 connected (0 Mvar). Once SC2 is connected to the system, the response time is brought back for constant active and balanced current control. This is because the step-up transformer of SC2 provides a path for the zero-sequence current that helps the relay operation. However, constant reactive power control still yields the worst performances because its use reduces the combined short circuit current from VSC and the rest of the system. Fig. 15 presents the impedance plane of AG, BG, and AB elements for an A-B-g fault at 25% of line 6-2 when there is no SC2 [see Fig. 15 Fig. 15(a) with Fig. 15(b) , it can be observed that the locus exhibits more transients when zero-sequence current is limited.
According to the test results in Figs. 12 and 14 , the improvement in the relay speed correlates with the VSC2 control strategy and the SC2 capacity. For the test system in this paper, a SC2 of 100 Mvar at bus 6 is a good choice for constant active power control since the improvement in speed starts to saturate with higher SC2 capacities. Similarly, a SC2 of 150 Mvar is an optimal choice for balanced current control. Besides requiring a higher capacity of SC2, balanced current control does not perform as well as constant active power control for phase-phase faults [see Fig. 12 (e) and (f)]. In the worst case, constant reactive power control requires a SC of at least 200 Mvar to achieve similar performances as the other two control strategies.
V. TESTS ON WESTERN DANISH POWER SYSTEM
In this section, the HIL tests are further conducted on a larger power system with more integrated converters. Fig. 16 presents the single-line diagram of the simplified western Danish power system (DK1), where each 400-kV bus is assigned a three-letter name. The system is developed based on the present DK1 in [28] and [35] , but with new planed lines to represent a future scenario. In order to generate a future case, three conventional SGs (ESVB3, NJVB3, and SKVB3) are assumed to be phased out and disconnected from the system. In the following studies, the tests are performed regarding the distance relay located on L1 near bus EDR. The relay is set to protect 90% of L1. Five different topologies of the examined area are considered, which are summarized in Table II . For example, topology 2 (T2) means L1 and SCEDR are present while L2 and L3 are disconnected from the system. Prior to a fault on L1, all five HVdc links and three wind farms are in operation. It is assumed that the control strategy of the VSC-HVdc station at bus EDR can be changed among constant active power, balanced current, and constant reactive power control. The converter current limit is set to 1 p.u. and the reactive power reference is generated using the same assumption as described in Section IV. The whole system is modelled with details in RTDS.
For an A-B fault at different locations of L1, Fig. 17 summarizes the average response time of the relay under different VSC control strategies with various prefault system topologies of the examined area. Regarding T1 where the short circuit current seen by the relay is mainly provided by the VSC station, the relay has the slowest response and fails to trip when constant reactive power control is deployed. Fig. 18(a) and (b) presents the impedance plane for A-B faults at 75% of L1 when constant reactive power and balanced current control are used. In Fig. 18(a) , the locus still has discontinuous features similar to Fig. 7(d) , leading to a refuse-to-trip failure. Once again, constant reactive power yields the worst relay performances. On the other hand, in T2-T5 where there are additional short circuit current contribution from SCDER, L2 or L3, the measured impedance locus has fewer transients [by comparing Fig. 18 (c) and (d) with Fig. 18(b) ] and the response time of the relay is improved. When the short circuit current is jointly provided by the VSC and synchronous sources (T2-T5), constant active power control yields slightly better performances than balanced current control in terms of the relay response time. However, constant reactive power control still leads to the longest response time of the distance relay compared with the other two control strategies. The test results on DK1 are similar to those from Section IV, which further verifies that the reliability of distance protection is correlated with the choice of VSC control strategies.
VI. CONCLUSION
With the converter current limit considered, this paper investigated the impact of VSC control strategies and the incorporation of SCs on distance protection under unbalanced faults through HIL tests. The test results showed that the reliability and speed of distance protection can be adversely affected due to a lower short circuit current level and nonconventional short circuit current characteristics, especially when the short circuit current was mainly contributed by VSCs. The application of an SC at the PCC helps retain better relay performances under unbalanced faults, but this depends on the deployed VSC control strategies. Based on the test results, we proposed to avoid the use of constant reactive power control together with distance relay.
It can cause the relay to be unable to calculate the impedance accurately or can even lower the combined short circuit current when there is an SC connected at the PCC, thus affecting the reliability of the relay. When the short circuit current is solely provided by a VSC, both constant active power and balanced current control can be considered for practice. When an SC is connected at the PCC of a VSC, constant active power control can be considered for the VSC as it requires a smaller SC than the other two control strategies to retain the relay performances.
